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[B_APPENDIX: NODAL SECONDARY BURNIAT SURFACE WITH K2 =4 1288

1 INTRODUCTION

Exceptional collections of maximal length on surfaces of general type with py =
0 have been constructed for Godeaux surfaces [13}[15], primary Burniat surfaces
[2], and Beauville surfaces [24] 39]. Recently, progress has also been made for
some fake projective planes [25] [23]. In this article, we present a method which
can be applied uniformly to produce exceptional collections of line bundles on
several surfaces with p; = 0, including Burniat surfaces with K2 = 6 (cf. [2]),
5,4, 3, Kulikov surfaces with K2 = 6 and some Beauville surfaces with K2 = 8
[24, [39). In fact we do more: we enumerate all exceptional collections of line
bundles corresponding to any choice of numerical exceptional collection. We
can use this enumeration process to find those exceptional collections that are
particularly well-suited to studying the surface itself, and possibly its moduli
space.

Both [2] and [24] hinted that it should be possible to produce exceptional
collections of line bundles on a wide range of surfaces of general type with
pg = 0. This inspired us to build the approaches of [2] 24] into the larger
framework of abelian covers (see especially Section 2]), an important part of
which is a new formula for the pushforward of certain line bundles on any
abelian cover, generalising formulas of Pardini [43]. We believe that this work
is a step in the right direction, even though there remain many families of
surfaces which require further study (see Section Bl for more details).

Let X be a surface of general type with p; = 0, and let Y be a del Pezzo surface
with K3 = K%. The lattices Pic X/Tors X and PicY are both isomorphic to
ZYN  where N = 9 — K%, and moreover, the cohomology groups H?(X,Z) and
H?(Y,Z) are completely algebraic. By exploiting this relationship between X
and Y, we can study exceptional collections of line bundles on X. Indeed,
exceptional collections on del Pezzo surfaces are well understood after [42],
[33], and we sometimes refer to X as a fake del Pezzo surface, to emphasise
this analogy.

Suppose now that X is a fake del Pezzo surface that is constructed as a branched
Galois abelian cover ¢: X — Y, where Y is a (weak) del Pezzo surface with
K% = K%. Many fake del Pezzo surfaces can be constructed in this way [10],
but we require certain additional assumptions on the branch locus and Galois
group (see Section [B]). These assumptions ensure that there is an appropriate
choice of lattice isometry PicY — Pic X/Tors X. This isometry is combined
with our pushforward formula to calculate the coherent cohomology of any line
bundle on X.

THEOREM 1.1 (THEOREM [Z1) Let X be a fake del Pezzo surface satisfying
our assumptions, and let L be any line bundle on X. We have an explicit for-
mula for the line bundles M, appearing in the pushforward ¢.L = ®XEG* M,,
where G is the Galois group of the cover p: X — Y.
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ENUMERATING EXCEPTIONAL COLLECTIONS 1257

Working modulo torsion, we can use the above lattice isometry to lift any
exceptional collection of line bundles on Y to a numerical exceptional collection
on X. We then incorporate Theorem [[Tlinto a systematic computer search, to
find those combinations of torsion twists which correspond to an exceptional
collection on X.

The search for exceptional collections on fake del Pezzo surfaces, leads naturally
to the following question, which was asked by Alexeev [I]:

Can we characterise effective divisors on X in terms of those on Y?

For example, in [I], Alexeev gives an explicit description of the semigroup of
effective divisors on the Burniat surface with K2 = 6, and proposes similar
descriptions for the other Burniat surfaces. We use our pushforward formula
to prove these characterisations for the Burniat surfaces and other fake del
Pezzo surfaces, cf. Theorems 3.2, (.11

THEOREM 1.2 Let X be a fake del Pezzo surface satisfying our assumptions.
Then the semigroup of effective divisors on X is generated by the reduced pull-
back of irreducible components of the branch divisor, together with pullbacks of
certain (—1)-curves on Y.

Let E be an exceptional collection on X, and suppose Hi(X,Z) is nontrivial.
Then E can not be full, for K-theoretic reasons (see Section[)). Hence we have
a semiorthogonal decomposition of the bounded derived category of coherent
sheaves on X:

DY(X) = (E, A).

If E is of maximal length, then A is called a quasiphantom category; that is,
Ky(A) is torsion and the Hochschild homology HH, (A) is trivial. Even when
H,(X,Z) vanishes, an exceptional collection of maximal length need not be full
(see [15]), and in this case A is called a phantom category, because Ky(A) is
trivial.

On the other hand, the Hochschild cohomology does detect the quasiphantom
category A; in fact, HH*(A) measures the formal deformations of .A. We calcu-
late HH*(A) by considering the A..-algebra of endomorphisms of E, together
with the spectral sequence developed in [36]. Indeed, one of the advantages
of our systematic search, is that we can find exceptional collections for which
the higher multiplications in the As.-algebra of E are as simple as possible.
Theorem [[13] below serves as a prototype statement of our results for a good
exceptional collection on a fake del Pezzo surface. More precise statements can
be found for the Kulikov surface in Section [£.7]

THEOREM 1.3 Let X — T be a family of fake del Pezzo surfaces satisfying
our assumptions. Then for any t in T, there is an exceptional collection E of
line bundles on X = X, which has maximal length 12 — K% . Moreover, the
subcategory of D*(X) generated by E does not vary with t, and the Hochschild
cohomology of X agrees with that of the quasi-phantom category A in degrees
less than or equal to two.
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1258 STEPHEN COUGHLAN

The significance of Theorem [[L3] is amplified by the reconstruction theorem
of [I7): if X and X’ are smooth, +Kx is ample, and D’(X) and D’(X’)
are equivalent bounded derived categories, then X = X’. In conjunction with
Theorem[I.3] we see that if Kx is ample, then X can be reconstructed from the
quasi-phantom category A. The gluing between A and E does not vary with X,
because the statement about Hochschild cohomology implies that the formal
deformation spaces of X are isomorphic to the formal deformation spaces of
A. Currently, it is not clear whether there is any practical way to extract
information about X from A, although some interesting ideas are discussed in
[2]. Tt would be interesting to know whether this “rigidity” of E is a general
phenomenon, or just a coincidence for good choices of exceptional collection.
In Section [2] we review abelian covers, and prove our result on pushforwards of
line bundles, which is valid for any abelian cover, and is used throughout. In
Section 3.1l we explain our assumptions on the fake del Pezzo surface X and its
Galois covering structure ¢: X — Y, and describe our approach to enumerating
exceptional collections on the surface of general type. Section[3.2]is an extended
treatment of the Kulikov surface with K2 = 6, which is an example of a fake del
Pezzo surface. We give a cursory review of dg-categories and As.-algebras in
Section ] as background to our discussion of quasi-phantom categories and the
theory of heights from [36]. We then show how to compute the A, -algebra and
height of an exceptional collection on the Kulikov surface. In SectionBlwe prove
Theorem for the secondary nodal Burniat surface with K2 = 4. Appendix
[Allists certain data relevant to the Kulikov surface example of Section [3.2] and
Appendix [Bl applies similarly to the secondary nodal Burniat surface of Section
With appropriate amendments, Theorems and hold for the Burniat
surfaces with K2 = 6,5,4,3 and some Beauville surfaces with K? = 8. The
arguments used are similar to those appearing in Sections and [B.1] and we
refer to [20] for details. We have exceptional collections of maximal length on
the tertiary Burniat surface with K2 = 3. In this case it is necessary to use the
Weyl group action on the Picard group to find exceptional collections. We can
show that the A.-category is formal, but we do not yet know how to compute
the Hochschild cohomology of the quasiphantom category.

In order to use results on deformations of each fake del Pezzo surface, we work
over C.

REMARK 1.1 The calculation of ¢, L according to Theorem [I.1] is elementary
but repetitive; we include a few sample calculations to illustrate how to do it
by hand, but when the torsion group becomes large, it is more practical to use
computer algebra. Our enumerations of exceptional collections are obtained by
simple exhaustive computer searches. We use Magma [12], and the annotated
scripts are available from [20].
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Gavin Brown, Fabrizio Catanese, Paul Hacking, Al Kasprzyk, Anna Kazanova,
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2 PRELIMINARIES

We collect together the relevant material on abelian covers. See especially [43],
[7] or [34] for details. Unless stated otherwise, X and Y are normal projective
varieties, with Y nonsingular. Let G be a finite abelian group acting faithfully
on X with quotient p: X — Y. Write A = > A; for the branch locus of ¢,
where each A; is a reduced, irreducible effective divisor on Y. The cover ¢ is
determined by the group homomorphism

[OF 7T1(Y*A> %Hl(YfA,Z) — G,

which assigns an element of G to the class of a loop around each irreducible
component A; of A. If ® is surjective, then X is irreducible. The factorisation
through H1(Y — A, 7Z) arises because G is assumed to be abelian, so we only
need to consider the map ®: H{(Y — A,Z) — G. For brevity, we refer to the
loop around A; by the same symbol, A;.

Let Y be the blow up of Y at a point P where several branch components

Ay, ..., A, intersect. Then there is an induced cover of 57, and the image of
the exceptional curve E under ® is given by
k
o(E) =Y 0(a,). &
j=1

Fix an irreducible reduced component I" of A and denote ®(T") by 4. Then the
inertia group of I is the cyclic group H C G generated by . Choosing the
generator of H* = Hom(H, C*) to be the dual character 4*, we may identify H*
with Z/n, where n is the order of 4. Composing the restriction map res: G* —
H* with this identification gives

G* = Z/n, x — k,

where x|g = (7*)¥ for some 0 < k < n — 1. On the other hand, given x in G*
of order d, the evaluation map x: G — Z/d satisfies

X(7) = Ex|a(y) =2

as a residue class in Z/d (or as an integer between 0 and d — 1).
The pushforward of ¢.Ox breaks into a direct sum of eigensheaves

0.0x = P £ (2)

x€G*
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1260 STEPHEN COUGHLAN

Moreover, the £, are line bundles on Y and by Pardini [43], their associated
(integral) divisors L, are given by the formula

%

The line bundles £, play a pivotal role in the sequel, and we refer to them as
the character sheaves of the cover p: X — Y.

2.1 LINE BUNDLES ON X

We develop tools for calculating with torsion line bundles on X. Let 7/: A" —
X be the maximal abelian cover of X; that is, the étale cover of X associated
to the subgroup m (X)* = Hy(X,Z) of 1(X). Now let 1’ be the composite
map pon': A/ — Y. It is not always true that 1’ is Galois and ramified
over the same branch divisor A as ¢: X — Y (see for example [45], [9]).
So choose a maximal subgroup T of the torsion subgroup Tors X in Pic X
whose associated cover ¥: A — Y is Galois and ramified over A. We have the
following commutative diagram

A
SN
X—2 vy

Let the Galois group of 9 be G. Then the original group G is the quotient
G/T, so we get short exact sequences

05T —G—>G—0 (4)

and B
0T "+ G+ G +0 (5)

where G* = Hom(G, C*), etc. In fact, for each surface that we consider, these
exact sequences are split, so that

G=GaT, G=GoT". (6)
Let T be a reduced irreducible component of the branch locus A of an abelian
cover : X — Y and suppose the inertia group of I is cyclic of order n. Then
DEFINITION 2.1 (CF. [2]) The reduced pullback I of T is the (integral) divisor
I'=210%T) on X.

REMARK 2.1 The reduced pullback extends to arbitrary linear combinations
Zi k;A; in the obvious way. We use a bar to denote divisors on Y and remove
the bar when taking the reduced pullback. In other situations, it is convenient
to use D; to denote the reduced pullback of a branch divisor A;.
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The remainder of this section is dedicated to calculating the pushforward
0« (L®T), where L = Ox (>, kiD;) is the line bundle associated to the reduced
pullback of ). k;A;, and 7 is any torsion line bundle contained in 7" C Tors X.
We do this by exploiting the association of the free part L with ¢: X — Y and
the torsion part 7 with 7: A — X. The formulae that we obtain are a natural
extension of results in [43]. It may be helpful to skip ahead to Examples Z2.T]
and 2.4.7] before reading this section in detail.

2.2 FREE CASE

Until further notice, we write I' C Y for an irreducible component of the branch
divisor A of p: X — Y. By Pardini [43], the inertia group H C G of T is cyclic,
and H is generated by ®(T') of order n. Let I' C X be the reduced pullback of
T, so that nI' = ¢*(T'). We start with cyclic covers.

LEMMA 2.1 Leta: X =Y be a cyclic cover with group H = Z/n, and suppose
that T' is an irreducible reduced component of the branch divisor. Let I' be the
reduced pullback of T, and suppose 0 < k < n —1. Then

@, Ox (kT) = @ Mt e P M

i€ H* — i€S

where M; is the character sheaf associated to o with character i € H*, and
S={n—-k,....n—1}C H*" 2 Z/n.
REMARK 2.2 If k is a multiple of n, say k = pn, the projection formula gives

@,Ox (k') = a.(a* Oy (p)) = a.Ox ® Oy (pI') = @ M
i€eH*

Thus the lemma extends to any integer multiple of T'.

PROOF After removing a finite number of points from I', we may choose
a neighbourhood U of T such that U does not intersect any other irreducible
components of A. Then since X and Y are normal we may calculate o, Ox (kI)
locally on a~*(U) and U. In what follows, we do not distinguish U (respectively
a~Y(U)) from Y (resp. X).

Let g = ®(T) so that H = (g) = Z/n, and identify H* with Z/n via g* = 1.
Locally, write a: a=1(U) — U as 2™ = b where b = 0 defines ' in U. Then

n—1 n—1
a.0x =P Oyz' = P Oy (-LT) EBM !
=0 =0

where the last equality is given by (@B). Thus «.Ox is generated by
1,2z,...,2" ! as an Oy-module, and the Oy-algebra structure on a,Ox is
induced by the equation 2™ =b.
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1262 STEPHEN COUGHLAN

The calculation for Ox (kI') is similar,

n—k—1 n—k—1

. Ox (kT) = oz*OX = P oy =

i=—k i=—k

where we use 2z = b to remove negative powers of z. Thus

n—k—1
. Ox (kT) @ Oy (—4iT) @ Oy (—LT)(T)
i=n—k
@ Mt e P M
i€H* — €S
where S={n—k,...,n—1}. O

The lemma can be extended to any abelian group using arguments inspired by
Pardini [43] Sections 2 and 4.

PROPOSITION 2.1 Let p: X — Y be an abelian cover with group G, and let
k=np+k, where 0 < k<n-—1. Then

p.Ox(kD) = P Ly e @ £ (p+1)0D),

XEG* =S, XES,

where
Skf:{XEG*Zn*ESXh{STL*l}.

PROOF By the projection formula, we only need to consider the case k = k
(cf. Remark[Z2]). As in the proof of Lemma 2] after removing a finite number
of points, we may take a neighbourhood U of T which does not intersect any
other components of A. We work on U and its preimages ¢~ (U), 371(U).
Factor p: X = Y as

x % z2ly,

where « is a cyclic cover ramified over I' with group H = (g) & Z/n, and 8
is unramified by our assumptions. As in Lemma 2.1l we denote the character
sheaves of a by M, and those of the composite map ¢ = o« by £,. Now

B.M; = P £y (7)

where the notation [¢] means the preimage of ¢ in H* under the restriction map
res: G* — H*. That is,

[i] ={x € G": x|u =i},
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where d is the order of x. Since /3 is not ramified we combine Lemma 2] and
@ to get
p.Ox(kD) = P r£i'e P L@

XEG* =S, XES,m
where
Skf:{XEG*Zn—kgleSR—l}
is the preimage of S ={n—k,...,n—1} C H* under res: G* — H*. |

2.2.1 EXAMPLE (CAMPEDELLI SURFACE)

Let ¢: X — P2 be a G = (Z/2)3-cover branched over seven lines in general
position. We label the lines A1, ..., A7, and define ® to induce a set-theoretic
bijection between {A;} and (Z/2)® — {0}. We make the definition of ® more
precise later (see Example[24.7]). It is well known ([34] §4]) that X is a surface
of general type with p, = 0, K? =2 and m = (Z/2)3.

Choose generators g1, g2, g3 for (Z/2)% so that ®(A;) = g;. There are eight
character sheaves for the cover, which we calculate using formula (3],

L0,0,0) = Op2, Ly = Op2(2) for x # (0,0,0).
Write Dy for the reduced pullback of Ay, so that ¢*(A;) = 2D;. Then
Say = {x: xlg =1} ={(1,0,0),(1,1,0), (1,0,1), (1,1, 1)},
so that by Proposition 21, we have
©+Ox(D1) = Op> @ 40p2(—1) @ 30p2(—-2).

2.3 TORSION CASE

In this section we use the maximal abelian cover A to calculate the pushfor-
ward of a torsion line bundle on X. To simplify notation, we assume that the
composite cover A — X — Y is Galois with group G, so that T'= Tors X.

PROPOSITION 2.2 Let 7 be a torsion line bundle on X. Then

p.Ox(—7) = P L,

XEG*
where addition x + T takes place in G*=G*aT.

REMARK 2.3 Note that £, is a character sheaf for the G-cover p: A=Y,
and the proposition allows us to interpret £,4, as a character sheaf for the
G-cover ¢: X — Y. Unfortunately, there is still some ambiguity, because we
do not determine which character in G* is associated to each £, under the
splitting of exact sequence (@). On the other hand, the special case T = 0 gives

QO*OX = @ 5;1-

x€G*
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PrROOF The structure sheaf O4 decomposes into a direct sum of the torsion
line bundles when pushed forward to X

mOs= P Ox(-

TE€Tors X

Thus Ox(7) is the character sheaf with character 7 under the identification
T* = Tors X. The composite p,m.O4 breaks into character sheaves according
to @), and the image of Ox (—7) is the direct sum of those character sheaves
with character contained in the coset G* 4 7 of 7 in G* under ([©). O

2.4 GENERAL CASE

Now we combine Propositions [2.1] and to give our formula for pushforward
of line bundles Ox (>, D;) ® 7. The formula looks complicated, but most of
the difficulty is in the notation.

DEFINITION 2.2 Let n; be the order of U(A;) in é, and write k; = nip; + ki,
where 0 < k; < n; — 1. Then given any subset I C {1,...,m}, we define

=\ Skadr1 0 () Skya, (7]
icl jele

where
Sl ={x€eG in—k<2(x+7)(¥T)) <n-1}

for any reduced irreducible component I' of the branch locus A. Note that for
fixed 7 in T*, the collection of all S;[r] partitions G*.

THEOREM 2.1 Let D = Y"1, k;D; be the reduced pullback of the linear combi-
nation of branch divisors Z:il k;A\; onY. Then

P OX @ @ [’XJr‘r

I xesSy[r]

where I is any subset of {1,...,m} and Ay =3, A;

REMARK 2.4 For simplicity, we have assumed that k; = k; for all i in the state-
ment and proof of the theorem. When this is not the case, by the projection
formula (cf. Remark 22)) we twist by Oy (31", piA;).

ProOOF Fix i and let D; be the reduced pullback of an irreducible component
A; of the branch divisor. Choose a neighbourhood of A; which does not inter-
sect any other A;. This may also require us to remove a finite number of points
from D;. We work locally in this neighbourhood and its preimages under ¢, 7™
Now by the projection formula,

T Ox (ki D;) = m.04 @ Ox (ki D;),
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and thus
Y Ox (ki D;) = @ ¢+ Ox (ki Dy — 7).
TeT
Then we combine Propositions 2.1 and to obtain

0. Ox(k;D;y — 1) = @ K;JerEB @ K;Jer(Ai),
XEG**SkiAi [7'] XGSkiAi[T]
where the indexing is explained in Definition

To extend to the global setting and linear combinations Y k; D;, we just need

to keep track of which components of A should appear as a twist of each £ 41-7

in the direct sum. This book-keeping is precisely the purpose of Definition
O

Using the formula

Kx =" (Ky + ) m=LA;) 8)
and the Theorem, we give an alternative proof of the decomposition of
©+Ox (Kx).
COROLLARY 2.1 [{3, Proposition 4.1] We have

(,O*O)((Kx> = @ EX—I (Ky)

x€G*

PROOF Let D; be the reduced pullback of A;. Then by () and the projection
formula, we have

0« (Ox(Kx)) = ¢« ((p*Oy(KY) ® (’)x(Z(m - 1)Di))

= Oy (Ky)® ga*OX(Z(ni - 1)Di).

K2

Now by definition,

Thus in the decomposition of ¢, Ox (> ;(n; — 1)D;) given by Theorem 2]
the summand £ Lis twisted by jed Aj, where J is the set of indices j with
x(®(4;)) # 0. Then by (@),

551(2&) =2 (1= DX(@(AN)A; = Ly,

where the last equality is because x1(g) = —x(g) = d — x(g) for any g in G.

Thus we obtain
D (OX(Z(W - 1)Di)) = @ Ly -1,

% x€G*

and the Corollary follows. O
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2.4.1 EXAMPLE [Z.2.1] CONTINUED

We resume our discussion of the Campedelli surface. The fundamental group
of X is (Z/2)3, and so the maximal abelian cover 7: A — X is a (Z/2)%-cover
1: A — P? branched over A. Choose generators gi,...,gs of (Z/2)5. As
promised in Example 221, we now fix ® and V:

s [adsls] A [ s | s | s
O(A;)
V(A;) —2(A))

g1 +92+ g3
g4+ g5 + g6

g2 +93
ge

g1+ 93
g5

g1+ 92
g4

g1
0

92
0

g3
0

For clarity, the table displays the difference between ¥(A;) and ®(4;). In
order that A be the maximal abelian cover, ¥ is defined so that each W(A;)
generates a distinct summand of (Z/2)¢, excepting W(A7), which is chosen so
that >, W(A;) = 0. This last equality is induced by the relation ), A; = 0 in
H.(P? - A, Z).

The torsion group Tors X is generated by g1, g%, g5. As an illustration of
Theorem 2] we calculate ¢.Ox (D;1)® 7T, where 7 is the torsion line bundle on
X associated to gj. Suppose p.Ox(D1) @7 = €D, cg- My, where M, are the
line bundles to be calculated. In the table below, we collect the data relevant
to Theorem 211

X | £ih, | (x+71)oW(Dy) | Twist by A7 | M,
(0,0,0) OP2(71) 0 No OP2(71)
(1,0,0) | Op2(—1) 1 Yes Ops2
(0, 1,0) Opz(—l) 0 No Opz(—l)
(0,0, 1) Opz(—Q) 0 No Opz(—Q)
(1,1,0) | Op2(-3) 1 Yes Op2(—2)
(1,0,1) | Op2(-2) 1 Yes Op2(—1)
(0,1,1) | Op2(—2) 0 No Op2(—2)
(1,1,1) | Op2(—2) 1 Yes Op2(—1)

Summing the last column of the table, we get
0:Ox(D1) @ T = Op2 @ 40p2(—1) ® 30p2(—2).

In particular, we see that the linear system on X associated to the line bundle
Ox (D7) ® 7 contains a single effective divisor.

3 EXCEPTIONAL COLLECTIONS OF LINE BUNDLES ON SURFACES

3.1 OVERVIEW AND DEFINITIONS

We outline our method for producing exceptional collections, starting with
some definitions and fundamental observations. A good reference for semi-
orthogonal decompositions is [37], and Proposition Blis proved in [26].

DOCUMENTA MATHEMATICA 20 (2015) 1255-1291
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DEFINITION 3.1 An object E in D*(X) is called exceptional if
C k=0,

0 otherwise.

Ext"(E, E) = {

An exceptional collection E C D*(X) is a sequence of exceptional objects E =
(Eo,...,E,) such that if 0 < i< j <n then

Ext"(E;, E;) = 0 for all k.

REMARK 3.1 Some authors prefer the term exceptional sequence rather than
exceptional collection.

It follows from Definition B] that a line bundle on a surface is exceptional if
and only if p, = ¢ = 0. Moreover, if E is an exceptional collection of line
bundles, and L is any line bundle, then EQ L = (Ey® L, ..., E, ® L) is again
an exceptional collection, so we always normalise [E so that Ey = Ox.

Let £ = (E) denote the smallest full triangulated subcategory of D’(X) con-
taining all objects in E. Then & is an admissible subcategory of D?(X), and
so we have a semiorthogonal decomposition

D'(X) = (€, A),

where A is the left orthogonal to £. That is, A consists of all objects F' in
DY(X) such that Ext*(F, E) = 0 for all k and for all E in £&. We say that the
exceptional collection E is full if D*(X) = £. The K-theory is additive across
semiorthogonal decompositions:

PROPOSITION 3.1 If D*(X) = (A, B) is a semiorthogonal decomposition, then
Ko(X) = Ko(A) © Ko(B).

Moreover, if E is an exceptional collection of length n, then Ky(£) = Z™. Thus
if Ko(X) is not free, then X can never have a full exceptional collection. The
maximal length of an exceptional collection on X is less than or equal to the
rank of K(X).

3.1.1 EXCEPTIONAL COLLECTIONS ON DEL PEZZO SURFACES

Let Y be the blow up of P? in n points, and write H for the pullback of the
hyperplane section, F; for the ith exceptional curve. Then by work of Kuleshov
and Orlov [42], [33] there is an exceptional collection of sheaves on Y’

Og. (<1),...,05 (=1),0y,0y (H), Oy (2H).

n

Note that the blown up points do not need to be in general position, and can
even be infinitely near. We prefer an exceptional collection of line bundles on
Y, so we mutate past Oy to get

Oy, Oy(E1),...,0v(E,), Oy(H), Oy(2H). 9)
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In fact, we only use the numerical properties of a given exceptional collection
of line bundles on Y. Choose a basis eg,...,e, for the lattice PicY = Z%"
with intersection form diag(1l, —1™). Then we write equation (@) numerically
as

O, €1y...,€En, €0, 260.

3.1.2 FROM DEL PEZZO TO GENERAL TYPE

Let X be a surface of general type with p, = 0 which admits an abelian cover
¢: X = Y of a del Pezzo surface Y with K& = K%. In addition, we suppose
that the maximal abelian cover A — X — Y is also Galois. Otherwise choose
a maximal subgroup 7" C Tors X for which the associated cover is Galois, and
replace A, as in Section 2l The branch divisor is A = 3. A; and we assume
that A is sufficiently reducible so that

(A1) PicY is generated by integral linear combinations of A;.

Now the Picard lattices of X and Y are isomorphic. Thus if G is not too
complicated, e.g. of the form Z/p x Z/q, we might hope to have:

(A2) The reduced pullbacks D; of A; (see Definition RI]) generate
Pic X/Tors X.

In very good cases, reduced pullback actually induces an isometry of lattices
(A3) f: PicY — Pic X/Tors X, such that f(Ky) = —Kx modulo Tors X.

We say that a surface satisfies assumption (A) if (Al), (A2) and (A3) hold.
These conditions are quite strong, and are not strictly necessary for our meth-
ods. For example, we could replace (A3) with an isometry of lattices from the
abstract lattice Z" to Pic X/Tors X.

DEFINITION 3.2 A sequence E = (Ey, ..., E,) of line bundles on X is called
numerically exceptional if x(Ej, E;) = 0 whenever 0 <i < j <n.

Assume X satisfies (A), and let (A;) = (Ao
on Y. Now define (L;) = (Lo, ..., Ly) by
Riemann—Roch formula shows that (L;) i
on X. This is explained in [2].

Given a numerically exceptional collection (L;) of line bundles on X, the re-
maining obstacle is to determine whether (L;) is genuinely exceptional rather
than just numerically so. Indeed, most numerically exceptional collections on
X are not exceptional. The standard trick (see [13]) is to choose torsion line
bundles 7; in such a way that the twisted sequence (L; ® 7;) is an exceptional
collection. We examine these choices of 7; more carefully in what follows.

0,---,,) be an exceptional collection
L; = f(A;)~!. A calculation with the
is a numerically exceptional collection
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3.1.3 AcCYCLIC LINE BUNDLES

We discuss acyclic line bundles following [24].

DEFINITION 3.3 Let L be a line bundle on X. If H{(X,L) = 0 for all i, then
we call L an acyclic line bundle. We define the acyclic set associated to L to
be

A(L) ={r € Tors X : L ® 7 is acyclic} .

We call L numerically acyclic if x(X, L) = 0. Clearly, an acyclic line bundle
must be numerically acyclic.

REMARK 3.2 In the notation of [24], 7 = —x.

LeMMA 3.1 ([24], LEMMA 3.4) A numerically exceptional collection Ly =
Ox,L1®71,..., L, ®7, on X is exceptional if and only if

—7; € ALY for all i, and

4 .y (10)
Ti — 7 € A(L;" @ L) for all j > i.

Thus to enumerate all exceptional collections on X of a particular numerical
type, it suffices to calculate the relevant acyclic sets, and systematically test
the above conditions (I0) on all possible combinations of 7.

3.1.4 CALCULATING COHOMOLOGY OF LINE BUNDLES

Given a torsion twist L ® 7, Theorem 2] gives a decomposition

pu(L®T) = @ My,

x€G*

for some line bundles M,, on Y, which may be computed explicitly. Since ¢ is
finite, we have

W(LoT)= Y hP(M,)

XEG*

for all p.
Thus L ® 7 is acyclic if and only if each summand M, is acyclic on Y. Now if
x(Y, My) = 0 and h°(M,) = h*(M,) = 0, we see that h'(M,) = 0. Thus by
Serre duality and the Riemann—Roch theorem, we are reduced to calculating
Euler characteristics and determining effectivity for (lots of) divisor classes on
the del Pezzo surface Y.

3.1.5 COORDINATES ON Pic X/Tors X

Under assumption (A), we make the following definition.
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DEFINITION 3.4 Choose a basis By, ..., By, for Pic X/Tors X consisting of lin-
ear combinations of reduced pullbacks. Then any line bundle L on X may be

written uniquely as
L= Ox(dl,...,dn)(g)T

so that L = Ox (Y1, diB;) ® 7. We call d (respectively T) the multidegree
(resp. torsion twist) of L with respect to the chosen basis.

The torsion twist associated to any line bundle on X may be calculated us-
ing Theorem [Z1] and the following immediate lemma. See Lemma B4 for an
example.

LEMMA 3.2 If 7 is a torsion line bundle, then h°(T) # 0 implies T = 0.

REMARK 3.3 Definition [34] fixes a basis for PicY = Z19~K” via the isometry
with Pic X/Tors X. This basis corresponds to a geometric marking on the del
Pezzo surface Y, and the multidegree d of L is just the image of L in PicY
under the isometry. In fixing our basis, we break some of the symmetry of
the coordinates. This is necessary in order to use the computer to search for
exceptional collections. We can recover the symmetry later using the Weyl
group action (see Section B1.7]).

3.1.6 DETERMINING EFFECTIVITY OF DIVISOR CLASSES

For each fake del Pezzo surface, we have the following theorem.

THEOREM 3.1 Suppose X is a fake del Pezzo surface satisfying assumption
(A) and with T = Tors X. Let € denote the semigroup generated by the reduced
pullbacks D; of the irreducible branch components A;, and pullbacks of the other
(—1)- and (—2)-curves on' Y. Then € is the semigroup of all effective divisors
on X.

We prove this theorem for the secondary nodal Burniat surface with K2 = 4
in Section [ (cf. [I] for the Burniat surface with K2 = 6). The other fake del
Pezzo surfaces work in the same way, see [20].

Moreover, € is graded by multidegree, and we define a homomorphism

t: & = Tors X

sending D; to its torsion twist under Definition 34l The image under ¢ of the
graded summand €, of multidegree d is the set of torsion twists 7 for which
Ox(>.d;B;) ® T is effective.

3.1.7 GROUP ACTIONS ON THE SET OF EXCEPTIONAL COLLECTIONS

We consider a dihedral group action and the Weyl group action on the set of
exceptional collections on X. Mutations are not considered systematically in
this article, since a mutation of a line bundle need not be a line bundle.

DOCUMENTA MATHEMATICA 20 (2015) 1255-1291



ENUMERATING EXCEPTIONAL COLLECTIONS 1271

Let E = (Ey, ..., E,) be an exceptional collection of line bundles on X. If we
normalise the first line bundle of any exceptional collection to be Ox, then
there is an obvious dihedral group action on the set of exceptional collections
of length n on X, generated by E + (Fa,...,E,, E1(—Kx)) and E — E~! =
(B, E7Y.

The Weyl group of PicY is generated by reflections in (—2)-classes. That is,
suppose « is a class in PicY with Ky - o = 0 and a? = —2. Then

ro: L= L+ (L o)

is a reflection on PicY which fixes Ky. Any reflection sends an exceptional
collection on Y to another exceptional collection. Thus the Weyl group action
on numerical exceptional collections on Y induces an action on numerical ex-
ceptional collections on X under assumption (A). This action accounts for the
choices made in giving Y a geometric marking (see Definition [34]).

3.2 THE KULIKOV SURFACE WITH K2 =6

For details on the Kulikov surface (first described in [34]), its torsion group and
moduli space, see [I9]. The Kulikov surface X is a (Z/3)?-cover of the del Pezzo
surface Y of degree 6. Figure [l shows the associated cover of P? branched over
six lines in special position. The configuration has just one free parameter,
and in fact, the Kulikov surfaces form a 1-dimensional, irreducible, connected
component of the moduli space of surfaces of general type with p, = 0 and
K? =6.

Figure 1: The Kulikov configuration

To obtain a nonsingular cover, we blow up the plane at three points P;, Py, Ps,
giving a (Z/3)?-cover of a del Pezzo surface of degree 6. The exceptional curves
are denoted E;. By results of [19], the torsion group Tors X is isomorphic to
(Z/3)3, so the maximal abelian cover ): A — Y has group G 2 (Z/3)°. Let g;
generate G , and write g7 for the dual generators of G*. As explained in Section
21 the covers are determined by ®: Hy(P?—A,Z) — G and ¥: H;(P2—A,Z) —

G, which are defined in the table below.

b Jafa] a0 8] & | a
(D) 9| g 0 g2 | 91+92 | 291+ 92
U(D)—®(D) | 0 | g3 |293+94|204| g5 295
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The images of the exceptional curves E; under ® and ¥ are computed using
formula (I):

®(E1) =291 + g2, P(E2) = g2, ®(E3) = g1+ g2, etc.

LEMMA 3.3 The Kulikov surface satisfies assumptions (A1) and (A2). That
is, the free part of Pic X is generated by the reduced pullbacks of Ay + E3+ E3,
E,, Es, Es, and the intersection pairing diag(1, —1,—1, —1) is inherited from
Y.

PrROOF Define ey = D1+ Ey+FEs, e = FEp, e = Fy, e3 = F3 in Pic X. These
are integral divisors, since they are reduced pullbacks, and the intersection
pairing is diag(1, —1, —1, —1), which is unimodular. For example, by definition
of reduced pullback, 3eq = ¢*(A; + Ey + E3), and so

(360)2 = (p*(Al +E2 +E3)2 = 9 . 1,
or e2 = 1. Hence we have an isomorphism of lattices. O

Using the basis chosen in this lemma, we compute the coordinates (Definition
B4) of the reduced pullback D; of each irreducible branch component A;.

LEMMA 3.4 We have

OX(Dl) = OX(l,O, 715 71)
Ox(Ds) = Ox(1, 1,0, —1)]L,

) OX(D4):OX(L71’070>[271¢ ]a
)
OX(D3) = OX(L —-1,-1, 0)[23

2]’ OX(D5):OX(1)03_130)[2315 ]a
’2]’ OX(DG) = OX(l,0,0,_l)[Q,l,l],

)

0
0
where [a,b,c] in (Z/3)® denotes a torsion line bundle on X .

PrROOF We prove that Ox(D3) = Ox(1,—1,0,—1)[1,0,2]. The other cases
are similar. Tt is clear that Ay ~ A; — E; + E5 on Y, so the multidegree is
correct. It remains to check the torsion twist, by showing that F = Ox (D2 —
Dy + Ey — E> — 1) has a global section when 7 = [1,0,2]. Then by Lemma B.2]
we have the desired equality.

The pushforward ¢, F splits into a direct sum of line bundles € M,,, one for
each character y = (a,b) in G*. The following table collects the data required
to calculate each M, via Theorem 2.1l The second column is calculated using
equation (@), and the next four columns evaluate x + 7 on each ¥(T"), where I’

DOCUMENTA MATHEMATICA 20 (2015) 1255-1291



ENUMERATING EXCEPTIONAL COLLECTIONS 1273

is any one of A1, Ay, E1 and Es. The final column is explained below.

(x+7)o¥()

X it A A | BB, M,

0,0) | Oy(=2,1,1,0)| 0 | 1 | 0 | 1 |[Oy(=3,1,2,1)
(1,0) | Oy(=1,0,0,1) | 1 | 2 | 2 | 1 Oy

0,1) | Oy(=2,1,0,1) | 0 | 1 | 1 | 2 | Oy(=3,1,1,2)
(2,0) | Oy(=2,0,1,1) | 2 | 0 | 1 | 1 |Oy(-2,0,1,1)
(1,1) | Oy(=2,1,0,1) | 1 | 2 | 0 | 2 | Oy(~1,0,0,0)
0,2) | Oy(=2,1,1,0)| 0 | 1 | 2 | 0 | Oy(=3,2,1,1)
(2,1) | Oy(=2,0,1,0)| 2 | 0 | 2 | 2 | Oy(~2,1,1,0)
(1,2) | Oy (=3, 1,1,1) | 1 | 2 | 1| 0 | Oy(—2,0,0,0)
(2,2) | Oy(=2,1,1,1) | 2 | 0 | 0 | 0 | Oy(=2,1,0,1)

Now by the projection formula (cf. Remark 2.2]),
0uF = 0xO0x (2D + Dy + By +2E5 — 7) @ Oy (= Ay — Es).

So according to Theorem 2.1] and the remark following it, each M, is a twist

of E;}FT(—Al — E5) by a certain combination of A;, Ay, E; and Es. By

Definition 2.2] the rules governing the twists are:

twist by Ay <= (x + 7)o ¥(A;)=1or2
twist by Ay <= (x +7) 0o ¥(Ay) =2
twist by E1 <= (x + 7)o ¥ (E;) =2
twist by Fy <= (x + 7)o W(Ey) =1or2

Thus ¢.F is given by the direct sum of the line bundles M, listed in the final
column. Note that M o) = Oy, so hO(p.F) = 1. Hence Dy — D1+ Ey — Ep —
T~ 0. O

COROLLARY 3.1 By formula [®), we have
Ox(Kx)=0x(3,-1,-1,-1)[0,0,2].

Thus the Kulikov surface satisfies (AS3).
PrROOF The multidegree is clear by (§), but the torsion twist requires some
care. Since Kx is the pullback of an integral divisor on Y, it should be torsion-

neutral with respect to our coordinate system on Pic X. Thus by Lemma [3.4]
we see that the required twist is [0, 0, 2]. U

DOCUMENTA MATHEMATICA 20 (2015) 1255-1291



1274 STEPHEN COUGHLAN

THEOREM 3.2 The semigroup € of effective divisors on the Kulikov surface is
generated by the nine reduced pullbacks of components of the branch divisor
Dy, ..., Dg, Ey, Es, E3. u

This Theorem is proved using an easier variant of the proof of Theorem (.11
The situation here is easier, because all of the (—1)-curves on Y are branch
divisors, and there are no (—2)-curves.

Thus we have a homomorphism of semigroups ¢: € — Tors X, which sends
an effective divisor to its associated torsion twist (see Lemma [3.3)), under the
choice of basis (from Lemma [3.4)).

3.2.1 ACYCLIC LINE BUNDLES ON THE KULIKOV SURFACE

Let us start with the following numerical exceptional collection on Y:
3
A:0, eg—e1, eg—e2, €9 —e3, 2e0 — ) ;_,€i, €.

Given assumptions (A), we see that A corresponds to the following numerically
exceptional sequence of line bundles on X:

LO - OX; Ll - OX(_la 15030))L2 - OX(_l,O, 150)’

11
L3 =0x(-1,0,0,1), Ly = Ox(-2,1,1,1), Ls = Ox(-—1,0,0,0). (11)

We find all collections of torsion twists L; ® 7; which are exceptional collections
on X. The first step is to find the acyclic sets associated to the various Lj_1 QL;.

PROPOSITION 3.2 The acyclic sets .A(L;1 ® L;) for j > i > 0 are listed in
Appendiz [Al

FIRST PROOF By Theorem [3.2] it is an easy exercise to check each entry in
the table. As an illustration, we calculate A(L;'). The effective divisors on
X of multidegree (1,—1,0,0) are Dy + E3, D3 + Fs, D4. Thus applying the
homomorphism ¢ to each of these effective divisors, we see that [1,0,2], [2,0, 2],
[2,1,2] do not appear in A(L; ). Next we consider degree two cohomology via
Serre duality. The effective divisors of multidegree (2,0, —1, —1) are

2D+ Ey+ E3,D1+ Do+ By + E3,D1 4+ D3 + Eq + Eo,
Dy + D3 +2E1, D1+ Dy + E1, D1 + Ds + Eo, D1 + Dg + E3,
Dy + Ds + Ey, D3 + Dg + Ey, D5 + De.

Again, applying ¢ we find that [0, 0, 2], [2,0, 0], [1,0,0], [0,0,1], [1,2,0], [1,2,2],
[1,2,1], [0,2,0], [2,2,2], [2,1,1] can not appear in A(L7'). The acyclic set is
made up of those elements of Tors X which do not appear in either of the two
lists above. g
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SECOND PROOF As a sanity check, an alternative proof is to use Theorem
2.l repeatedly, to calculate the cohomology of all possible torsion twists of Lj.
O

Both methods are implemented in our computer script [20].

3.2.2 EXCEPTIONAL COLLECTIONS ON THE KULIKOV SURFACE

We now find all exceptional collections on X which are numerically of the form
(). Lemma BT reduces us to a simple search, which can be done systemati-
cally [20].

THEOREM 3.3 The surface X has nine exceptional collections Lo = Ox, L1 ®
T, .., Ls @715 which are numerically of the form (). They are given in Table

[ below. Each row lists the required torsion twists ; fori=1,...,5 as elements
of (Z/3)°.
‘ T1 T2 73 T4 T5

111[0,0,0] [0,2,2] [2,2,1] [2,2,1] [0,0,1]
211220 [2,1,2] [0,0,1] [1,1,1] [2,2,1]
311[2,2,1 [2,1,2] [0,0,1] [1,1,1] [2,0,2]
4112,2,0] [2,0,1] [0,2,0] [2,2,1] [2,1,2]
51 [1,1,0] [1,0,2] [2,2,0] [1,1,1] [2,2,1]
61[1,1,0] [1,0,2] [0,0,1] [1,1,1] [2,2,1]
711[1,1,0 [1,0,2] [2,2,1] [1,1,1] [0,0,1]
8112,0,2] [2,2,0] [0,1,2] [1,1,1] [2,2,1]
9112,0,2] [2,2,1] [0,1,2] [1,1,1] [1,0,2]

Table 1: Exceptional collections on the Kulikov surface

REMARK 3.4 1. The precise number of exceptional collections is not im-
portant. Rather, the fact that we have definitively enumerated all excep-
tional collections of numerical type A, means that we can sift through
the list to find one with the most desirable properties.

2. Let A’ be any translation of A under the Weyl group action of A; x As
on PicY. Then A’ is another numerical exceptional collection on X
(see Section BI7), so we may enumerate exceptional collections on X
of numerical type A’. For the Kulikov surface, each element of the orbit
corresponds to either 9, 14, 18 or 24 exceptional collections on X. Thus,
the Weyl group action does not “lift” to X in a way which is compatible
with the covering X — Y. On occasion, this incompatibility is used to
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our advantage (see [20]). We return to these exceptional collections in
Section [

4 HEIGHTS OF EXCEPTIONAL COLLECTIONS

Let X be a surface of general type with p, = ¢ = 0, Tors X # 0 with an
exceptional collection of line bundles E = (Ey,...,E,—1). Write £ for the
smallest full triangulated subcategory of D?(X) containing E. In this section
we calculate some invariants of [E. The invariants we consider are essentially
determined by the derived category, but we must enhance the derived category
in order to make computations. For completeness, we discuss some background
first.

4.1 MOTIVATION FROM DEL PEZZO SURFACES

Let Y be a del Pezzo surface and let E be a strong exceptional collection of line
bundles on Y. Recall that E is strong if Extk(Ei, E;) =0 for all 4, j and for
all k > 0. We define the partial tilting bundle of E to be T'= @, E;. Then the
derived endomorphism ring Ext™(T,T) = €p, ; Hom(E;, Ej) is an associative
algebra, and we have an equivalence of categories & = D®(mod- Ext*(T,T))
(see [16]).

From now on, we assume that E is an exceptional collection on a fake del Pezzo
surface X, so that we do not have the luxury of choosing a strong exceptional
collection. Instead, we recover £ by studying the higher multiplications coming
from the A.-algebra structure on Ext*(T,T).

4.2 DIGRESSION ON DG-CATEGORIES

We sketch the construction of a differential graded (or dg) enhancement D
of DY(X). Objects in D are the same as those in D’(X), but morphisms
Hom%, (F,G) form a chain complex, with differential d of degree +1. Compo-
sition of maps Hom,(F,G) ® Hom} (G, H) — Hom,(F, H) is a morphism
of complexes (the Leibniz rule), and for any object F' in D, we require
d(idr) = 0. For a precise definition of Hom},(F,G), one could use the Cech
complex, and we refer to [36] for details. The main point is that the cohomol-
ogy of Hom}(F,G) in degree k is EXtIBb(X)(F, G), so in particular, we have
H°(Hom, (F, G)) = Homps(x)(F, G).

4.3 HOCHSCHILD HOMOLOGY

We first compute some additive invariants, only making implicit use of the dg-
structure. The Hochschild homology of X is given by the Hochschild-Kostant—
Rosenberg isomorphism

HHy(X) = @ HPH(X, %),

p
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so HHy(X) = C2-5° and HH(X) = 0 in all other degrees. Moreover,
Hochschild homology is additive over semiorthogonal decompositions.

THEOREM 4.1 [35] If D*(X) = (A, B) is a semiorthogonal decomposition, then
HH(X) = HHy(A) & HH(B).
Assuming the Bloch conjecture on algebraic zero-cycles, we have
Ko(X) = 75" @ Tors X,

and we note that K-theory is also additive over semiorthogonal decompositions
(see Proposition B]).
Now for an exceptional collection of length n, Ko(€) = Z™ and

C* ifk=0
HH (&) = { 0 otherwise.

Thus the maximal length of E is at most 12 — K%, and such an exceptional
sequence of maximal length effects a semiorthogonal decomposition D?(X) =
(€, A) with nontrivial semiorthogonal complement A. We say that A is a
quasiphantom category; by additivity, the Hochschild homology vanishes, but
Ky(A) D Tors X # 0, so A can not be trivial.

4.4 HEIGHT

The Hochschild cohomology groups of X may be computed via the other
Hochschild-Kostant—Rosenberg isomorphism (cf. [35]):

HHY(X)= @ HYX,APTx).
p+q=k

Thus for a surface of general type with p, = 0, we have
HH°(X)= H°(Ox)=C, HH'(X) =0, HH*(X) = H'(Tx),
HH*(X) = H*(Ty), HH*(X) = H'(2Kx) = C'*¥°.

Recall that the degree two (respectively three) Hochschild cohomology is the
tangent space (resp. obstruction space) to the formal deformations of a category
[32].

In principle, [36] gives an algorithm for computing HH*(A) using a spectral
sequence and the notion of height of an exceptional collection. Moreover, by
[36, Prop. 6.1], for an exceptional collection to be full, its height must vanish.
Thus the height may be used to prove existence of phantom categories without
reference to the K-theory. We outline the algorithm of [36] below.

Given an exceptional collection E on X, there is a long exact sequence (induced
by a distinguished triangle)

...— NHH*(E, X) - HH*(X) — HH"*(A) — NHH*"'(E, X) — ...
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where NHH (E, X) is the normal Hochschild cohomology of the exceptional
collection E. The normal Hochschild cohomology can be computed using a
spectral sequence with first page

Elfpvq = @ EthO (Eam a1) &
0<ap< <ap<n—1
ko+-+kp=q
@ Ext® (B, ,, Ey,) @ Ext™ (B, , ST (Eq,)).

The spectral sequence relies on the dg-structure on D; the initial differentials
d’ and d” are induced by the differential on D and the composition map respec-
tively, while the higher differentials are related to the A..-algebra structure on
Ext-groups, (see Section [4.0]).

The existing examples of exceptional collections on surfaces of general type with
py = 0 suggest that NHH"(E, X) vanishes for small k. Thus the height h(E)
of an exceptional collection E = (Ey,...,E,_1) is defined to be the smallest
integer m for which NHH™(E, X) is nonzero. Alternatively, m is the largest
integer such that the canonical restriction morphism HH*(X) — HH"(A) is
an isomorphism for all £ < m — 2 and injective for k =m — 1.

4.5 PSEUDOHEIGHT

The height may be rather difficult to compute in practice, requiring a careful
analysis of the Ext-groups of E and the maps in the spectral sequence. The
pseudoheight is easier to compute and sometimes gives a good lower bound for
the height.

DEFINITION 4.1 The pseudoheight ph(E) of an exceptional collection E =
(Eoy ..., En_1) is

ph(E) = min (e(Fay, Bay) + -+

B 0<ap<-<ap<n-—1
+e(Ea,_,,Ea,) + €(Ea,, Eay(—Kx)) —p +2),

where e(F, F') = min{i : Ext'(F, F') # 0}.

The pseudoheight is just the total degree of the first nonzero term in the first
page of the spectral sequence, where the shift by 2 takes care of the Serre
functor.

Consider the length 2n anticanonical extension of the sequence E (see also

Section BI7):
Ey,...,En_1,E, = Eo(—Kx),...,Eapn—1 = E,_1(—Kx). (12)

If the F; are line bundles, then we have a numerical lower bound for the pseu-
doheight.
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LEMMA 4.1 [36, Lem. 4.10, Lem. 5.1] If Kx is ample and E; - Kx > E; - Kx
for all i < j and for all E;, E; in the anticanonically extended sequence (12,
then ph(E) > 3.

The numerical conditions required by the Lemma are not particularly stringent.
For example, all the exceptional collections we have exhibited on the Kulikov
surface in Section have pseudoheight at least 3, even before we consider the
Ext-groups more carefully.

REMARK 4.1 If L is a line bundle, then dim Extk(L, L(-Kx)) = h>7*(2Kx)
by Serre duality, which is the case p = 0 in Definition Il Thus any excep-
tional collection of line bundles on a surface of general type with p, = 0 has
pseudoheight at most 4. Moreover, if ph(E) = 4, then h(E) = 4 by [36].

4.6 THE A, -ALGEBRA OF AN EXCEPTIONAL COLLECTION

Let E = (Eyp,...,E,—1) be an exceptional collection on X, and define T =
EB?:_OlEi. Then B = Hom%,(T,T) is a differential graded algebra via the dg-
structure on D (see Section [L2)). It can be difficult to compute the dg-algebra
structure on B directly, so we pass to the A, -algebra H*B.

We discuss Aoo-algebras, referring to [29] for details and further references.
An A, -algebra is a graded vector space A = ®p€Z AP together with graded
multiplication maps m,,: A®™" — A of degree 2 — n, for each n > 1. These
multiplication maps satisfy an infinite sequence of relations, starting with

mim; = 0,
mims = ma(my ® ida +ida @ my).

These first two relations ensure that my is a differential on A, satisfying the
Leibniz rule with respect to ms. The third relation is

mg(idA X mo — Mo ®1dA) =
mimg +mg(m; ®idsg ®idg +ida @ my @ idg +ida ® idg ® mq),

which shows that ms is not associative in general, but if m,, = 0 for all n > 3,
then A is an ordinary associative differential graded algebra.

In fact, by the above discussion, we can view B as an Ay-algebra, with m;
being the differential, mo the multiplication, and m,, = 0 for n > 3. By a theo-
rem of Kadeishvili (cf. [29]), the homology H*B = H*(B,m1) has a canonical
Ao-algebra structure, for which m; = 0, mo is induced by the multiplication
on B, and H*B and B are quasi-isomorphic as A..-algebras. This canonical
Ao-structure is unique, and H*B is called a minimal model for B. We say
that B is formal if it has a minimal model H* B for which m,, = 0 for all n > 3,
so that H* B is just an associative graded algebra.

The Ao-algebra of E is

H'B=Ext"(I.T) = & Ext*(E;E)),

k 0<ij<n—1
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and my coincides with the Yoneda product on Ext-groups. Clearly, if the ex-
ceptional collection E consists of sheaves, then H*B has only three nontrivial
graded summands, in degrees 0, 1 and 2. Since m,, has degree 2 — n, the sum-
mands of degree 0 and 1 are crucial in determining the A,,-algebra structure.

4.6.1 RECOVERING £ FROM H*B

According to [I6], [30], the subcategory € of D generated by the exceptional col-
lection E is equivalent to the triangulated subcategory Perf(B) C D®(mod-B)
of perfect objects over the dg-algebra B. A perfect object is a differential
graded B-module that is quasi-isomorphic to a bounded chain complex of pro-
jective and finitely generated modules. As mentioned above, it is preferable
to consider the A..-algebra H*B instead, noting that £ is in turn equivalent
to the triangulated category of perfect A-modules over H*B. If B is formal,
the equivalence reduces to £ = D®(mod-H* B), which should be compared with
Section 411

We search for exceptional collections whose Hom- and Ext!-groups are mostly
zero. In good cases, this implies that B is formal, and H*B has no deforma-
tions. It then follows that &£ is rigid, i.e. constant in families.

4.7  QUASIPHANTOMS ON THE KULIKOV SURFACE

We study some properties of the exceptional collections on the Kulikov surface
from Section For the purposes of the discussion, we fix the following
exceptional collection

E: O, L1[2,2,0], Ly[2,1,2], L3]0,0,1], L41,1,1], Ls[2,2,1],

which can be found in the second row of Table [l in Section

Using Theorem 2.1, we may compute the Ext-groups of the extended sequence
(I2). We present the results in Table 2 below. The ijth entry of the table is
the following formal polynomial in g

> dim Ext*(E;, Eiy;)q",

kEZ
where 0 < 4,7 < 5, and the zigzag delineates those entries whose target Iy ;
is in the anticanonically extended part of ([I2]).

LEMMA 4.2 The only nonzero Ext'-groups are Ext'(Fy, Ey) which is 2-
dimensional, and Ext'(Ey, Es) which is 1-dimensional. O

REMARK 4.2 The lemma shows that E does not have 3-block structure. A 3-
block structure means the exceptional collection can be split into three mutually
orthogonal blocks (cf. [28]). In fact, every exceptional collection in Table[I] and
every exceptional collection in the Weyl group orbit (cf. SectionBI7), has some
non-zero Ext'-groups. This is in contrast with the exceptional collections on
the Burniat surface exhibited in [2], which are of the same numerical type, and
have 3-block structure.
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o 1 2 3 4 5
01 2¢° 2¢° 2¢> 3q>
11 2q+3¢> q+2¢*
211 44> 6q>
31 64> 6q>
411 5¢> 5¢>
51 5¢> 6¢>

Table 2: Ext-table of an exceptional collection on the Kulikov surface

PROPOSITION 4.1 The Aso-algebra of E is formal, and the product mo of any
two elements with strictly positive degree is trivial.

PrOOF The Ay -algebra H*B of E, is the direct sum of all Ext-groups ap-
pearing above the zigzag in the table. By [46l Lemma 2.1] or [38, Theorem
3.2.1.1], we may assume that m,(...,idg,,...) =0 for all E; and all n > 2.

We show that every product ms must be zero for degree reasons. By Lemma[d.2]
there are only two nonzero arrows in degree 1, and they can not be composed
with one another, since they have the same source. Thus the product ms of
any 3 composable elements of H* B has degree at least degms +1+2+2 =4,
and is therefore identically zero, because the graded piece H*B is trivial. The
same argument applies for all products m,, with n > 3. Thus H*B is a formal
Ao-algebra. In fact, we see from the table that any product ms of two elements
of nonzero degree also vanishes for degree reasons. 0

Moreover, we calculate the Hochschild cohomology of A using heights.

PROPOSITION 4.2 We have HH°(A) = C, HH'(A) = 0, HH?*(A) = C, and
HH3(A) contains a copy of C3.

PrROOF The pseudoheight of E may also be computed from the table, where
now we also need the portion below the zigzag. The minimal contribution to
the pseudoheight is achieved by incorporating one of the nonzero Ext!-groups.
For example,

e(Er,Ey)+e(By, B1 Qwx)—14+2=14+2-14+2=4,

so ph(E) = 4. In this case, by [36], the height and pseudoheight are equal.
Hence HH*(A) = HH*(X) for k < 2, and HH?*(A) D> HH?*(X). By the
Hochschild-Kostant-Rosenberg isomorphism, the dimensions of HH*(X) fol-
low from the infinitesimal deformation theory of the Kulikov surface, which
was studied in [19]: H'(Tx) =1 and H?(Tx) = 3. O

In summary, we have
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THEOREM 4.2 Fvery Kulikov surface X has a semiorthogonal decomposition
D*(X) = (£, A)

where € is generated by the exceptional collection E, and & is rigid, i.e. &£
does not vary with X. The semiorthogonal complement A is a quasiphantom
category whose formal deformation space is isomorphic to that of D¥(X), and
therefore X may be reconstructed from A.

5 SECONDARY BURNIAT SURFACES AND EFFECTIVE DIVISORS

Burniat surfaces were discovered in [18], and an alternate construction is given
in [27]. There are several cases X}, with K? =k for 2 < k < 6. For details
we refer to [44], [4]. Exceptional collections on primary Burniat surfaces Xg
with K2 = 6 were first constructed and studied in [2], where two 3-block
exceptional collections are exhibited. Burniat surfaces with K2 = 3,4, 5,6 can
be constructed as abelian covers satisfying assumptions (A), and so we are able
to enumerate exceptional collections on all these Burniat surfaces. We do not
reproduce these computations here, but see [20]. Exceptional collections of line
bundles of maximal length on the Burniat-Campedelli surface X» with K2 = 2
remain elusive, because this surface does not satisfy assumption (Al).

In computing exceptional collections on fake del Pezzo surfaces, it becomes clear
that a characterisation of effective line bundles is very useful. In this section
we prove the following theorem for the secondary nodal Burniat surface.

THEOREM 5.1 Let X be a nodal secondary Burniat surface with K2 = 4. Then
the semigroup of effective divisors on X is generated by the reduced pullbacks
of irreducible components of the branch divisor, together with the pullbacks Ey,
E5 of two (—1)-curves on Y.

With appropriate changes, the same proof works for the other surfaces satis-
fying assumptions (A). Indeed, Theorem above for the Kulikov surface is
an easier case of this result. The additional complexity here arises from two
sources: some of the exceptional curves on Y are not branch divisors, and there
is a (—2)-curve.

5.1 BURNIAT SURFACES REVISITED

We first describe the nodal secondary Burniat line configuration. Take the three
coordinate points Py, Py, P3 in P?, and label the edges Ag = P, Py, Bo = Py Ps,
Co = P3P;. Then let Ay, Ay (respectively B;, C;) be two lines passing through
Py (vesp. P, P3). We require that Ay, By, C are concurrent in Py (respectively
Ay, By, Cy in Ps). This gives nine lines in total, four passing through each
of P, Py, P3 and three passing through each of Py, Ps. Moreover, A; passes
through three triple points. Blow up the five points P; to obtain a weak del
Pezzo surface Y of degree 4. The strict transforms of these nine lines (for
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which we use the same labels) together with the three exceptional curves E;
for i = 1,2, 3, are called the nodal secondary Burniat configuration (see Figure

2).

Figure 2: The secondary Burniat configurations with K2 = 4 (nodal configu-
ration is on the right)

The nodal secondary Burniat surface X4 with K% = 4 is a (Z/2)?-cover of Y/
branched in the configuration of Figure 2 and X is a surface of general type
with p, = 0, K2 = 4 and Tors X = (Z/2)*. The cover is not ramified in Fy,
Es. The weak del Pezzo surface Y has a (—2)-curve, A; and the canonical
model of X, is a (Z/2)?-cover of a nodal quartic. Following the description of
[5] [6], the nodal secondary Burniat surfaces form an irreducible closed family,
inside a 3-dimensional irreducible connected component of the moduli space.
This component is given by the union of the family of nodal secondary Burniat
surfaces with the extended secondary Burniat surfaces, which form an open
subset. We do not directly consider extended Burniat surfaces here.

In Appendix [B we show that the secondary Burniat surface satisfies as-
sumptions (A). More precisely, we exhibit an explicit basis eq,...,e5 for
Pic X/Tors X, in terms of reduced pullbacks of irreducible branch divisors.
The appendix also lists coordinates for the reduced pullback of each irreducible
component of the branch divisor, according to Definition 3.4

We define € to be the semigroup generated by the reduced pullbacks Ay, . .., Ca,
FE4, Es, E5 together with ordinary pullbacks Fy, E5. There is a multigrading
on € by multidegree in Pic X/Tors X, and we write €(d) for graded piece of
multidegree d. Using the coordinates from Appendix [B] we define a homomor-
phism ¢: & — Tors X, sending each generator of & to its associated torsion
twist. Remember that ¢(F4) = t(E5) = 0 because these are pulled back from
Y.

5.2 PRroor oF THEOREM [G.11

The stategy of proof is similar to that of Alexeev, [I], but for completeness, we
outline the whole proof. The main differences are the (—2)-curve on Y and the
(—1)-curves which are not branch divisors. These introduce new complications
which are not present in [I]. We are able to resolve these issues because we
can use the pushforward formula and Appendix [Bl to check effectivity in a
systematic manner.
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Suppose D is an effective divisor and C' is an effective curve class on X for
which D - C < 0. Then C? < 0 and C is in the base locus of D, so we define
D’ = D—aC where a is the smallest positive integer for which (D—aC)-C > 0.
In this way, we can reduce an effective divisor on X to one which has positive
intersection with all curve classes in €. Such divisor classes form a rational
polyhedral cone P in N'(X,R).

To describe the generators of P in the most geometric way, we first construct
certain divisor classes on X in terms of reduced pullbacks and the birational
transformations the del Pezzo surface Y. Suppose we take a standard Cremona
transformation of P? centred on any three non-collinear triple points P;, P;
and P,. The numerical class of the hyperplane section of the image P? is
hijk = 2eo — e; — e; — ey, for any {i,j,k} # {1,4,5}, or hy = eg. There are
also natural fibrations on Y which arise from the pencil of hyperplanes passing
through a fixed P, on some copy of P2. The numerical classes of these fibrations
are denoted f; = eg—e; or fijn = 2e0—e;—e;j—ep—e; with {1,4,5} ¢ {i, 4, k,1}.

LEMMA 5.1 The polyhedron P is generated by the ten hyperplane classes hy,
hiji and eight fibrations f;, fijn defined above, together with the four additional
classes

g1 =3eg —e1 —2e2 —e3 —eqg —e5, g2 =3ey —e1 — e — 2e3 —eq — €5,

93:360—61—262—64—65, g4:3€0—€1—2€3—€4—€5.

PrROOF Any generator D of € determines a linear function -D, which in turn
defines a collection of hyperplanes supporting the polyhedron P. We use the
computer [20] to calculate the integral generators of the cone.

We examine the additional generators. The class g; is the hyperplane section
of the copy of P? obtained by contracting Ag, A;, By, B; and By on Y, and
g3 is the hyperplane section of the quadric cone given by contracting Ag, A1,
FE5, B; and Bs. There are similar descriptions of g2 and g4. O

LEMMA 5.2 Suppose D is an effective divisor on X with Kx - D < 4. Then D
s in €.

PrROOF We may assume that D is in P. This is a finite (and small) number
of classes to check, and we do this directly using the computer implementation
[20] of our pushforward formula Theorem 211 O

PROPOSITION 5.1 Suppose D is an effective divisor on X with Kx-D > 4 and
x(D) > 0. Then D is in €.

PrROOF Since Kx - D > 4 we have that (Kx — D) - Kx < 0 and so Kx — D
can not be effective. By Serre duality, h?(D) = h%(Kx — D) = 0, hence D is

effective.

DOCUMENTA MATHEMATICA 20 (2015) 1255-1291



ENUMERATING EXCEPTIONAL COLLECTIONS 1285

Choose D in PicY such that the numerical class of Ky + D in PicY is the
same as that of D — Kx in Pic X/Tors X by assumption (A). Then

_ 1 _ - 1
X(Ky+D):1+§(Ky+D)D:1+§(D—Kx)D:X(D)>0.

Moreover, h?(Ky + D) = h°(—=D) = 0 because —Ky - —D < 0, so by the same
argument as above, we see that Ky + D is effective on Y.

Now, any effective divisor on Y is a positive linear combination of branch
divisors Ay, ...,Cs, E1, Ey, E3 and exceptional curves E4 and E5. So taking
the reduced pullback, we get the following expression for the numerical class
of D in Pic X/Tors X:

D = Kx + (combination of Ay,...,E3) + %(combination of By, E5).

The coefficient of % appears because F, and E5 are not branch divisors. It
remains to show that D + 7 is in € for any 7 such that D + 7 is effective. This
is implied by the following lemma:

LEMMA 5.3 (1) Let L be any of the following line bundles on X :
Ox(Kx+v)®T1, Ox(Kx + %E4) T, Ox(Kx + %Eg,) T, or
Ox(Kx + 3(Es+ E5))®T

where v is any generator of € and T is any element of Tors X. Then L
is effective and in € unless L = Ox(Kx + A1).

(2) The line bundles L = Ox(Kx + kA1) are not effective for any k > 0.
PrOOF

(1) Suppose L = Ox(Kx + Ap) ® 7, and take the graded piece of € with
multidegree d = (4,—2,—2,—1,—1,—1). We use the computer [20] to check
that the image of &(d) under t is all of Tors X. This proves that L is effective
and in € for any 7. The same computation works for all multidegrees listed in
the statement, except when L = Ox(Kx + A1) ® 7, for which we refer to the
proof of part (2).

(2) When L = Ox(Kx + A1) ®7, the same computation as above shows that
the image of ¢(4,—2,—1,—1,—2,—2) under ¢ is Tors X — {[1,0,0,0]}. Thus
Ox(Kx + A;) is not in €. Indeed, the pushforward is

o« L = Oy(ea—e1)® Oy (e3—e2) ® Oy (—2eq+ex+e3) @Oy (eg — ez —es—es),

which is not effective. Moreover, by the projection formula, we have

0« L(2mAs) = 0. L @ Oy (mAs) = 0. L ® Oy (m(eg — €1 — e4 — €5)),
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which is not effective for any m, and so Ox (Kx + kAz) is not effective for any
odd k =1+ 2m. For even k, the proof is similar, starting from ¢.Ox (Kx). O

REMARK 5.1 Since Aj is a (—2)-curve, we have Kx - (Kx + kA;) = K% = 4
for all k. Thus we do not need part (2) of the above lemma, because Kx + kA,
does not satisfy the assumptions of Proposition 5.1

Finally, we take care of the cases with x(D) < 0.

LEMMA 5.4 Suppose D is an effective divisor on X with numerical class in P
and x(D) <0. Then D is in one of the following classes:

(1) h or 2h for any hyperplane generator h;

(2) g or 2g1 or 2gs, where g refers to any of the additional generators de-
scribed in Lemma [521);

(8) nf,nf+f',nf+h, nf+g for anyn > 1 where f is a fibration and f' is
another fibration with intersection f - f' =1, h is a hyperplane generator
with f-h =1, g is an additional generator with f-g=1.

PrROOF This is a systematic induction. We note that each generator « of P has
X () = 0. Moreover, if D = Dy + D5 then x(D) = x(D1)+ x(D2)+ Dy -Dy—1.
So for example, starting from f1, we choose another fibration generator f’.
Either f; - f/ = 0, in which case f; = f’ and x(2f1) = =1, or f1 - f =1,
so that x(f1 + f’) = 0. Now adding a further generator v to f; + f’ yields
x(f1+ f'+~) > 0 by simple consideration of the intersection numbers, unless
is one of f; or f’. We continue in this way, to produce the list of possibilities.[]

LEMMA 5.5 Suppose L is an effective line bundle with numerical class one of
the exceptional cases from Lemma[54 Then L is in €.

PrROOF We give a proof for nf;. The other possibilities listed in Lemma
[(4I(3) work in the same way, and cases (1) and (2) can be checked by a direct
computation [20]. As in the proof of Lemma [£.3] we split into even and odd
cases and make use of the projection formula.

Let L = Ox(2f1)®7 for some 7 in the image of t(€(2f1)), so that in particular,
L is effective. Since Cp+ Es is a section of Ox (f1), it follows that Ox(nf1)®7
is effective and in € for any n > 2.

Now suppose 7 is any torsion element in Tors X — ¢(&(2f1)), so that L is not
in €. For example, 7 = [0, 0,0, 1]. Then we compute

CP*L = OY(Ov -1,0,0,0, 1) D OY(725 1,1,1,1, 1)
@O0y (~1,-1,1,1,1,0) ® Oy(~2,0,1,1,1,1),

which is clearly not effective. Moreover, by the projection formula, we see
that L ® Ox (2mf1) = p. L ® Oy (mf1) is not effective for any m either, for
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degree reasons. This completes the proof for any even multiple of fi. A similar
computation proves the odd case, starting from 3 f;. 0
A APPENDIX: ACYCLIC BUNDLES ON THE KULIKOV SURFACE

For reference, here are the acyclic line bundles on the Kulikov surface used in
Section

L | aAw
Lt [0,0,0],[0,1,0],[1,1,0],[2,1,0],[2,2,0],[1,0,1],[2,0,1],[0,1,1],
[1,1,1],[0,2,1],[2,2,1],[0,1,2],[1,1,2],[0,2,2]
L;l [0,1,0],[1,1,0],[2,2,0],[2,0,1],[0,1,1],[1,1,1],[2,1,1],[L, 2, 1],
2,2,1],[0,0,2],[1,0,2],[0,1,2],[1,1,2],[1,2,2]
Lgl [0,1,0],[1,1,0],[1,0,1],[0,1,1],[1,1,1],[0,2,1],[1, 2,1], 0,0, 2],
[2,0,2],[0,1,2],[1,1,2],[2,1,2],[0,2,2],[1,2, 2]
Lzl [0,0,0],[0,1,0],[2,1,0],[0,2,0],[2,2,0],[1,0,1],[2,0,1], [0, 1, 1],
1,1,1],[2,1,1],]0,2,1],[2,2,1],[1,1,2],[0,2,2], [2,2,2]
Lgl [07 1,0], [1, 1,0]7 [2,2,0], [1,07 1]7 [2,07 1], [O, 1, 1]7 [17 1, 1]7 [O, 2, 1],
[1,2,1],[2,2,1],]0,0,2],[0,1,2],[1,1,2],[0,2,2],[1,2,2]
Ly'® Ly | [1,0,0],[2,0,0],[2,1,0],[0,1,1],]0,1,2],[2,1,2],[0,2,2]
Ly'® Ly | [0,0,0],[1,0,0],[2,0,0],[1,1,0],[2,1,0],[2,2,0],[1,1,2],[2,1,2],
2,2,2]
Li*® Ly | [0,1,0],[1,1,0],]0,1,1],[1,1,1],[1,2,1],[0,0,2],[1,0,2],[2,0,2],
0,1,2],[1,1,2],[1,2,2]
L:'® Ly | [1,0,0],2,0,0],[1,1,0],[2,1,0],[2,2,0],[0,1,1],]0,0,2], [0, 1,2],
[1,1,2],12,1,2],10,2,2],[2,2,2]
L3'® Ly || [1,0,1],1,1,1],]2,1,1],[2,0,2],[1,1,2],[2,1,2],[1,2, 2]
L7'® Ly | [0,0,0],[0,1,0],[1,1,0],[1,0,1],[0,1,1],[1,1,1],]0,2,1],[2,0,2],
[0,1,2],[1,1,2],[0,2,2]
L:'® Ly | [0,1,0],[1,0,1],]0,1,1],[1,1,1],[2,1,1],[0,2,1],[0,0, 2], 2,0, 2],
[1,1,2],[2,1,2],]0,2,2],[1,2,2]
L7*® Ls | [0,0,0],[0,1,0],[1,1,0],[2,2,0],[2,0,1],[0,1,1],[1,1,1],[2,2,1],
[1,0,2],[0,1,2],[1,1,2]
L:'® Ls | [0,1,0],[1,1,0],[2,1,0],[2,2,0],[2,0,1], [1,1,1],[2,1,1], [1,2,1],
[0,0,2],[1,0,2],]0,1,2],[1,2,2]
Lyt ® Ly || [1,0,0],[2,0,0],1,1,0],[2,2,0],[0,0,2],[0,1,2],[2,1,2],[2,2,2]
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B APPENDIX: NODAL SECONDARY BURNIAT SURFACE WITH K2 =4

The maps Wy, U7 : Hi (Y — A,Z) — (Z/2)° determining respectively the non-
nodal and nodal Burniat surfaces, differ from one another slightly. We tabulate
them below.

r |20 |4 |2 |Bo | B |B| © | C | @
TyT)—=@T) | 0 | g3 |g9a| 0 | 95| 96 0 g1+ 96 | 93+ g5
UrIT) —®T) | 0 | g3 | 9a| O | g5 | 96 | 93+9a|93+96 |93+

The restriction imposed by Ps is W4(Ay + By + C1) = 0 in the non-nodal case,
and U%(A; + By + C1) = 0 in the nodal case. Either way, g7 is eliminated, so
the torsion group is (Z/2)*, generated by g3,. .., 5.

We extend the basis chosen for the free part of Pic(X5). The basis is the same
for non-nodal and nodal surfaces

eo=Co+ E1+ E3, eg = E1, eg = Ey, e3 = Es,
eq =Co—Cy+ By, es = By — By + E3.

Coordinates for non-nodal surface:

| Multidegree | Torsion
Ox(4) |1 -1 -1 0 0 0]][1,1,0,0]
Ox(A;)|1 -1 0 0 -1 0]][1,0,0,0]
Ox(A42)|1 -1 0 0 0 -1/]0,1,1,0]
Ox(By)|l 0 -1 -1 0 01]][0,0,1,1]
Ox(B;)|1 0 -1 0 -1 0]]0,0,1,0]
Ox(B2)|1 0 -1 0 0 -1/10,0,1,1]
Ox(Cyp) |1 -1 0 -1 0 0 0
Ox(Cy) |1 0o 0 -1 0 -1]][0,0,1,0]
Ox(Cy) {1 0 0 -1 -1 0 0

Coordinates for nodal surface are the same (with same multidegrees) except
for the following:

| Multidegree | Torsion
Ox(41)|1 -1 0 0 -1 -—-1]]1,0,1,0]
Ox(A2)|1 -1 0 0 0 0]][0,1,0,0]

In both cases, Ox(Kx) = 0(3,-1,-1,—1,—1,-1)[0,0, 1,0].
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